Pharmaceutical formulations intended for treatment of xerostomia (dry mouth) should be able to keep the oral mucosa hydrated for a prolonged period of time. The products already existing on the market contain water-soluble polymers, however their ability to moisturize the oral mucosa for a longer period of time seems limited. In this paper the sorption properties of water vapor of high-methoxylated pectin (HM-pectin, a hydrophilic biopolymer) and phosphatidylcholine-based (Soya-PC) liposomes have been studied and compared using a gravimetric method. The kinetics of water desorption and sorption have been recorded over the relative humidity range RH = 95-0-95%, at 35 C. The obtained isotherms were found to be well described by the n-layer Brunauer-Emmet-Teller (BET) adsorption model. The water isotherms on HM-pectin were Type II (IUPAC), while water isotherms on liposomes were Type III. The maximum water sorption capacity of liposomes (1.2 mg water per mg of adsorbent at 95% RH) was found to be twice as high as for pectin. Due to the slower water release from the liposomes, as well as their high water sorption capacity, they seem to have great potential in relieving the symptoms of dry mouth syndrome.
Introduction
The oral cavity is frequently used for both mucosal and transmucosal drug administration as it allows bypassing the gastrointestinal tract and hence avoiding the enzymatic degradation of an active pharmaceutical ingredient (Madsen et al., 2013) . Drug delivery systems intended for local treatment of the oral cavity need to fulfill several requirements, such as high patient compliance, lack of taste and easiness of administration (Joshi and Petereit, 2013) . Different studies indicate that up to 30% of the adult population is affected by xerostomia (dry mouth) (Guggenheimer and Moore, 2003) . Xerostomia is defined as a subjective feeling of dryness in the oral cavity, resulting from decreased or absent saliva flow. Decreased secretion of saliva can be due to salivary gland dysfunction, cancer treatment to the head and neck region, or side effect of many medications (Alimi, 2015) . Treatments of xerostomia are mainly based on local (mucosal) drug delivery to the oral cavity and are expected to either stimulate or substitute the secretion of saliva. Salivary substituents are mainly composed of hydrophilic polymers, such as xanthan gum or carboxymethyl cellulose, which tend to swell in a liquid and have the ability to interact with the mucus layer present in the oral cavity (Momm et al., 2005) . However, the efficacy of the formulations is quite limited and there is need for products that will keep mucosa hydrated for a prolonged period of time (Hearnden et al., 2012) . From this point of view, bioadhesive drug delivery systems -such as liposomes and polymeric particles -can contribute to prolonged therapeutical effect.
Liposomes are spherical vesicles with an inner aqueous compartment surrounded by one or more lipid bilayers. Due to the presence of two different domains they can be used for encapsulation of both hydrophilic and lipophilic drugs, incorporated in the core or in the lipid membrane, respectively. Liposomes have been widely investigated for both intravenous and cutaneous use and have shown promising potential in cancer treatment, antimicrobial therapy, enzyme and hormone therapy, as well as adjuvants for vaccines and vectors for gene transfer (Gan et al., 2013; Damitz and Anuj, 2015; Kroon et al., 2014; Davies et al., 2014) . The ability of lipids to bind water together with the presence of an aqueous compartment makes liposomes attractive as humectants, promoting skin hydration by both (a) delivering moisture and (b) providing a barrier inhibiting water desorption from stratum corneum (Egbaria and Weiner, 1990) . The liposome core is expected to act as a depot containing the hydration medium, which will leak out slowly over time and provide prolonged moisture protection. Therefore, the water sorption studies of liposomes can provide us with a new insight into the hydration capacity of drug delivery systems.
High-molecular polysaccharides have the ability of adsorbing water easily, mainly by hydrogen bonds formed with hydroxyl and amide groups present in their structure, and are therefore used as film coatings for moisture protection and taste masking (Joshi and Petereit, 2013; Mucha et al., 2005) . Pectin is a representative of the polysaccharide family and a major component of the cell walls in plants. It is usually extracted from fruits and vegetables in a lowcost production process (Mohnen, 2008) . Regarded as non-toxic and generally water soluble (solubility depending on the type of material and pH), pectin is widely used as a gelling agent in the food industry, as well as an excipient in pharmaceutical formulations (Tho et al., 2002; Sørensen et al., 2009) . Pectins are also known for their mucoadhesive properties and as such can increase the residence time of a formulation on the oral mucosa (Klementsrud et al., 2013) .
The aim of this study was to measure the adsorption properties of water vapor in Soya-PC liposomes and HM-pectin, targeting a future development of an advanced oral drug delivery system. In order to develop an optimal system, a sensitive and reliable method for measuring small variations in the water content of the samples had to be established. The water sorption properties of liposomes and HM-pectin were studied by the means of dynamic vapor sorption (DVS). The DVS unit is an ultrasensitive microbalance capable of measuring changes in sample mass lower than 1 ppm in an atmosphere where both temperature and relative humidity can be controlled (Johnsen et al., 2011) . The obtained high resolution isotherms were used to study the characteristics of water adsorption, desorption and diffusion in the samples. 
Materials and methods

Materials
Preparation and characterization of liposomes
Liposomes were prepared by the thin film method (Nguyen et al., 2011) . Both phospholipid components (Soya-PC and NBD-PC) were dissolved in chloroform in order to obtain a homogeneous mixture. Chloroform was then evaporated in a rotary evaporator (Heidolph W 2001 rotavapor, Heidolph Instruments GmbH & Co. KG, Kelheim, Germany) and the lipid films were thoroughly dried under vacuum overnight in order to remove organic residues (Christ Alpha 2-4 freeze drier, Christ, Osterode am Harz, Germany). The lipid films were hydrated with phosphate buffer solution (5 mM, pH 6.8) and gently agitated for 2 h at room temperature. The resulting solution of large, multilamellar vesicles was further downsized by extrusion (Lipex extruder, Lipex Biomembranes Inc., Vancouver, Canada) through two-stacked polycarbonate membranes with pore size of 200 nm (Nucleopore 1 , Costar Corp., Cambridge, USA). The final concentration of the lipid in the samples was equal to 3 mM. The liposomes were characterized by the means of dynamic light scattering and microelectrophoresis method (Zetasizer Nano Series, Malvern Instruments Ltd., Worcestershire, UK). Size and zeta potential measurements were performed at 25 C with 173 backscatter angle. The obtained values of the zeta potential were counted as an average value of three subsequent runs with 20 measurements each, while the size was an average value from three runs with 10 measurements. The size of the liposomes was equal to 174 nm, with polydispersity index of 0.12, and the zeta potential was of À1.6 mV.
Preparation of samples for water sorption experiments
100 ml of solution for testing was applied onto previously weighted sample pans (PerkinElmer aluminum DSC sample pans, Boston, US). The samples were kept at room temperature (25 C) in a closed dessicator filled with saturated solution of potassium sulfate, which allowed to maintain the relative humidity at a constant level of 97% (Rockland, 1960) . The samples were stored in a container until no more liquid could be seen with a bare eye, which took approximately 12 and 24 days for HM-pectin and liposomes, respectively.
Gravimetric measurements
The water sorption properties of the samples were measured with a dynamic vapor sorption (DVS) instrument from Surface Measurement Systems Ltd., UK. The samples were suspended from a microbalance in a closed chamber, in which the desired level of relative humidity is achieved by mixing a flow of nitrogen with water vapor. The temperature was held constant at 35 C and the starting relative humidity was set to 95%. The sample mass readings were recorded at relative humidity values changing stepwise (10% at the time) until 15%, and afterwards at 7.5% and 0%. The sorption experiment was performed at the same RH values. The duration of each stage was variable: mass equilibrium criteria was defined as dm/dt = 0.0008 mg/min, stability duration 60 min. Once the state of equilibrium was reached, the relative humidity was programmed to enter to the next stage. If the sample however could not achieve a mass equilibrium requirement, a maximum stage time limit was set to 600 min in order to ensure effectiveness of the analysis. The sample mass readings were recorded every minute and the values recorded before reaching equilibrium for every stage were used to calculate diffusion coefficients. Fig. 1 presents the entire measured curves of water sorption (desorption and sorption) for both (a) HM-pectin and (b) Soya-PC liposomes. They are described by the dependence of adsorption capacity of the material (mass of water present in the sample per 1 mg of dry material) on time and relative humidity conditions. Time duration of both experiments was similar (ca. 47 h), and for both HM-pectin and Soya-PC liposomes the desorption stage lasted longer than adsorption, which means that the time required for reaching mass equilibrium was also longer. However, the desorption time counted until the end of 0% RH stage observed in the case of liposomes was significantly longer than the one for HM-pectin (72% of experiment duration compared to 60%). That effect could be somehow connected with the slow leakage of water from the inner liposome compartment and is favourable since it offers prolonged moisture protection.
Results and discussion
Sorption kinetics
As expected during the desorption experiment, the lower relative humidity in the chamber, the lower water content in the sample is detected. On the contrary, increasing the relative humidity resulted in increased moisture adsorption and sample mass. The highest mass changes were recorded for the initial and final stages (95 and 85% RH during desorption and adsorption experiments) and they were gradually decreasing for lower humidities. Table 1 compares the equilibrium values of moisture content for HM-pectin and liposomes at different stages of relative humidity.
According to the DVS intrinsic operation manual, the actual relative humidity values can differ from the programmed theoretical humidity steps for up to 1.5% for commonly used temperatures and flows (25 C, 200 sccm). Usually the difference between theoretical and actual humidity did not exceed 0.5%.
However, in the case of 7.5% RH the actual humidity values were 1.6-1.7% lower than the theoretical value. That could probably be explained by the dependence of humidity conditions on temperature, as increasing the temperature (35 C) lowers the RH. It is worth noticing that between 95 and 55% RH the moisture content of the liposomes is higher than for HM-pectin (for both desorption and adsorption experiments). The opposite situation occurs between 45 and 0-45% RH, where HM-pectin displays higher water content than the liposomes. One can conclude that the liposomes are preferable in terms of slow water release at higher RH values, while HM-pectin has the advantage over liposomes at lower humidities. The humidity inside an oral cavity of a healthy person is maintained at around 100%. A decrease of salivary flow rate ranging from 30 to 50% would result in a sensation of dry mounth, corresponding to a humidity condition of ca. 50-80% (Scholz et al., 2008; Daves, 1987) . It is therefore an advantage that a material selected for hydration of the oral mucosa performs well in humidities higher than 50%; lower values of RH could disrupt liposomal structure. Nevertheless, the maximum water sorption capacity of liposomes is twice as high as the one for pectin at 95% RH.
The liposomes are expected to gradually lose their integrity and fuse while decreasing humidity (in e.g. freeze-drying process), which leads to complete loss of entrapped water (Hoekstra et al., 1997) . This change is reversible and after increase of humidity the lipids will reorganize and form liposomes again. The adsorption capacity of recovered liposomes was 10% lower than adsorption capacity of initial sample, most probably due to the fact that lipids will not organize into exactly the same structures as before. It is expected that recovered liposomes will be larger and vary in size. However, when applying the liposomes for hydration of the oral cavity, the humidity level is not expected to be lower than 50% and therefore water loss from liposomes is not complete. Since soya-PC has low phase transition temperature (<À10 C), no phase transition will occur at the tested humidity range at 35 C. In a study from Einhorn-Stol et al. (2014) , it was found that storage of pectin at 60 C and 80% humidity for two weeks changed the properties of material (crystalline structure became amorphous and water uptake was reduced). It is therefore possible that the storage of pectin in dessicator at 97% humidity somehow influenced water-pectin interactions. As for the lower humidity conditions, they should not have bigger impact on pectin stability as normally it is available as a powder.
Sorption isotherms
The experimental results for water sorption were used to model shape of isotherms according to the Brunauer-Emmet-Teller (BET) model of multilayer (n-layer) adsorption (Do, 1998) :
where q is the amount adsorbed at different relative humidities (RH), q m is the loading corresponding to a water monolayer, C is the BET constant, and n is the maximum number of adsorption layers. The fitting procedure was done using the residual sum of squares as an error function:
The obtained sorption isotherms were found to be well described by the modified BET model RSS 9.9 Â 10 À3 ). The values of the parameters calculated for HM-pectin and Soya-PC liposomes are summarized in Table 2 . Standard BET model assumes that as the value of relative humidity increases, it is possible to adsorb an infinite number of layers. However, the surface has a finite capacity to adsorb water. It is therefore common to use modified BET model that assumes a maximum n layers that can be adsorbed onto the internal surfaces (Do, 1998) . When n approaches infinity (high n value for Soya-PC liposomes), the equation reduces to the classical BET model; the higher value of n constant, the higher adsorption capacity at large relative humidities. The parameter C defines character of interactions between the adsorbent and adsorbate. If C is greater than 1 (for HM-pectin), the attractive forces between the adsorbed water molecules and the adsorbent predominate over the forces between water molecules in the gas phase (Do, 1998) . When C = 1, the interactions between water molecules and surface are within the same range as the interactions between water molecules in the gas phase (heat of evaporation same as heat of desorption: C. HM-pectin represents type II of adsorption, according to BET isotherm classification (Brunauer et al., 1938) . It can be described by a sigmoidal curve, which results from unrestricted monolayer-multilayer adsorption behavior up to high relative humidity values. The intermediate flat region of the isotherm corresponds to easy water adsorption and formation of monolayer. Once a monolayer is created, multilayer formation and/ or pore condensation occurs. Water equilibrium sorption uptake increases with increase of RH, and the increase is more significant at high RH values.
The water sorption isotherm for Soya-PC liposomes is a type III isotherm. The interactions between adsorbent and adsorbate are relatively weak; therefore, the adsorbed water molecules are clustered around the most favourable sites on the surface of material. The water equilibrium sorption uptake is facilitated at higher RH values, since the water interaction with already adsorbed layer is greater than the interaction with the adsorbent surface.
Determination of diffusion coefficient
Water diffusion coefficients were calculated according to the second Fick's law describing the rate at which concentration is changing due to unsteady diffusion conditions (Ruthven, 1984) . A simplified solution of this equation can be obtained with the assumption that (a) water vapor penetrates the sample undirectionally from the plane surface and (b) diffusion coefficient does not depend on the derivative of the isotherm. The second requirement is normally fulfilled for linear isotherms (where derivative is a constant value). The obtained isotherms for liposomes and HM-pectin are not linear; however, on each of the chosen intervals of RH there is almost a linear behavior. Therefore, solution of Fick's equation is given by the following formula (Crank, 1975) :
where M t is the water mass in time t, M 1 is the final water mass in saturated state (at the end of each RH stage), and M (t)/M 1 is therefore an adimensional normalized amount of water adsorbed; j is an integer number, D is the diffusion coefficient, and e is the sample thickness. The sum was computed for the first 25 terms (until j = 24). For each relative humidity step M t /M 1 is calculated as a function of time, allowing a fitting procedure where the diffusion coefficient is the variable to be optimized. The optimization was done using the residual sum of squares as an error function:
Fig. 3 presents an example of the fitting of theoretical curves to the experimental data for chosen RH stages for HM-pectin (a) and Soya-PC liposomes (b).
Afterwards, the dependence of the diffusion coefficient on relative humidity was observed. Fig. 4(a) and (b) shows the obtained values of water diffusion coefficient D for HM-pectin and Soya-PC liposomes as a function of relative humidity. In both samples the diffusion coefficient increases until reaching a maximum value at relative humidities around 60-80% and then starts going down, following the tendency given by the adsorption equilibrium isotherm. At the same time, the diffusion coefficient of water vapor in the liposomes is nearly one order of magnitude higher than in the pectin, indicating that the adsorption will take place faster (see Fig. 1 for an overall picture). The opposite effect (slower desorption) is observed for liposomes, but that is strongly influenced by the shape of the adsorption isotherms presenting multilayer adsorption for higher relative humidities.
Conclusions
The characteristics of water adsorption, desorption and diffusion in HM-pectin and Soya-PC liposomes were studied at 35 C, targeting suitability of these materials for moisture protection in the oral cavity. The gravimetric method used proved to be sensitive enough to measure very small changes in the sample mass over wide relative humidity range. It was found that between 95 and 55% RH the moisture content of the liposomes was higher than the one for pectin, reaching the maximum value of 1.2 mg water/mg of material at 95% RH (twice as much as for pectin). The materials studied represented two different types of isotherm: type II for HM-pectin and type III for Soya-PC liposomes. The water diffusion in the liposomes was found to be one order of magnitude faster than in HM-pectin (0.04 1/min compared to 0.003 1/min measured at RH = 7.5%). The diffusion strongly depended on the amount of water adsorbed, increasing until relative humidities around 60-80%, and decreasing thereafter. Based on this study it is possible to determine that the Soya-PC liposomes are capable of retaining water for longer period of time at higher relative humidities, making them optimal choice for hydration of mucosa in the oral cavity. 
